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surviving across the k/l boundary. Subsequent to the k/T event, the basi

vertebrate iauna were radically Iranslormeil. Of general evolulionan ml. -its

\ertebrate Iauna and the nature ol its controlling factors. The loss of the r

herbivorous browsers not replenished In, some millions ol sears into the I'aleocene. Div,

Iauna shows a new emphasis on fmgivon and grani\or\. N.mc ol the modern groii|is a

l'aleocene-early Kocene. Subsequent climate a ' '

'

such as |.crissodact\ls and aitiodaetyls. Thee
< '•: : <) lloia likely promoted the spread ol moie open I

The fossil record, like a daily clock, can be di- modern ecosystems. Second, this interval encom-
vided into any number ,.f critical phases whose re I- passes the k/T extinction event, which had an un-
ative importance might reflect mere arbitration as mistakable and profound ecological impact. The
much as objective evidence. Yet terrestrial ecosys- even t is tied to the disappearance of several groups
terns, including the vertebrates comprising them, of terrestrial vertebrates (primarily non-avian di-
experienced a particularly profound transformation nogaurs) and the subsequent persisienc . e and emer .

between the begumtng ol the Cretaceous some 146 gence f)f ^^ mamma, s <)f ^.^ ^.^
rn.ll.or .years ago and the end o the Kocene epoch ^ ^ ^ ^^ ^ concomhantl differ .

ol the l.itiarv bet\s n Ifl tid I rullion years ago. , . . . . n __ : . . .

Why i. th.s inter., - ,
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with what has been called one ol the ,„.,., s,,,,,,,-
'»^al sets the stage for the r.se of the modern

cant evolutionarv events of life on land (Wing &
'" " s "" liro,,m,s wi,,,

re
flora that persist today,

t groups, including key groups of pol-
The drama of thes<> transitions notwithstanding.

linating insects. These dramatic radiations further the Cretaceous-early Tertiary is marked by endur-

set in motion important eocvolutionan ml, tactions anee as well as vicissitude. Indeed, one of the re-

between herbivorous vertebrates and diversifying markable aspects of this phase is the resilience of

angiosperm-dominaled habitats (Weishampel & many higher taxa —flowering plants, pollinating in

Norman, l'Wh and framework for sects, even various vertebrate groups such as croc-

1 The author thanks Gao keqin, Mark Norell
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odiles, lizards, turtles, frogs and salamanders, and fragmentation (Fig. 2). While Africa and South

certain mammals—that thwarted whatever shocks America still remained sutured across the Amazon-

to the global system that came with the KAT ex- Gabon basin region in the Early Cretaceous, this

tinction event. In its broadest outlines, "modern" connection was being severed by the opening of the

terrestrial ecosystems essentially took form in the Atlantic both in the north and south. Other south-

Cretaceous. Some organismic groups came and ern blocks, such as Antarctica and India, became

went, but the basic architecture of the present sys- separated from the Gondwana core. Western and

tern is the legacy of the Late Mesozoic. This is not southern Europe were a fragmented mosaic of land-

meant to minimize the waves of turnover that char- masses: an archipelago in the nascent northern At-

acterized many of the intervals thereafter. It is lantic and a huge embayment in the region of pre-

merely meant to emphasize that the new world es- sent-day eastern Europe and Russia. North

tablished in the Cretaceous has, despite the K/T America, isolated from both South America and

extinction event, more in common biologically with northern AIik < anu barriers, was

the living world than the Jurassic world. This paper also flooded by epicontinental seas, especially

is meant as an elab rati- • -' • - on along its western margin. The massive superconti-

a summary of the vertebrate record against what is nent of Asia was also eroded along its southern and

known of relevant physical, environmental, faunal, western margins by extensive seaways. The long

and floral changes. The paper also addresses an arm of its Siberian extension made only intermittent

important issue relating to the study of any geologic and tenuous connections with the Alaska region ol

interval. This concerns the juxtaposition of theories North America.

of ecosystem change against what is actually known This trend toward continental fission and marine

about the fossil evidence. Although such evidence ingression reached its acme in the Latest Creta-

includes anatomical and morphometric data for in- ceous (Smith et al., 1994; Scotese, 1997). South

ological roles in fossil taxa, the major and America and Africa were well separated by the

concerns dis- southern \l la.it ie (Kig. 3). Europe was still very

. Such distri- much an archipelago. North America was essen-

lata and rang- tially two landmasses nearly bisected by a north-

es inferred (but not necessarily observed) from south epieontitienlal seaway in what is now the

reconstructed phylogenies (Norell, 1992; Norell & Western Plains-Rocky Mountain area. A similar

Novacek, 1992). seaway separa i
>

western from eastern

Asia. There is both geologic and paleontologie e\-

Tiik Cretaceous-Early Tertiary Record idence for a corridor between Siberia and Alaska,

but this connection was, as in earlier times, ephem-
U " l " 1

'
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era l ?

depending on the cycles of marine ingression

Advances in paleogeographic reconstruction that characterized this phase. Indeed, so profound

have been fed by data from sea floor spreading pat- is the fragmentation of large landmasses in the mid-

tems, polar wander curves, and many other sourc- die and Late Cretaceous that it has been associated

es. The intensity of that coverage has not spared with the isolation and diversification of modern and

the Cretaceous-early Tertiary. Here are just a few extant lineages of birds and mammals, at a time

salient aspects of the broad-scale geographic his- before thai diversihealion is indicated by the first

tory of this interval, covered to much greater depth occurrences of representative fossils (see Hedges et

in the references cited. al., 1996; Kumar & Hedges, 1998; and discussion

By the Cretaceous, the fragmentation and drifting below),

of continental blocks well under way in the Jurassic The Paleocene terrestrial world is the expected

(Fig. 1) had transformed the terrestrial geography product of the continental fission in the Late Me-

of the globe (see Smith et al., 1994; Scotese, 1997). sozoic. Southern landmasses like Antarctica, India,

fragmentation on a gigantic further isolated

called break up of Pangea, represents a reversal in original moorings. Yet in the early to middle Paleo-

the pattern of continental coalescence recorded in cene there is evidence of reversal in the pattern of

the earlier Mesozoic. Its potential influence in iso- marine invasion that so characterized the later Cre-

ating and reshaping the biota is obvious. A vast taceous. The mid-epicontinental seaway in North

belt of amphitropical seaway, the Tethys, split Pan- America had retreated to an embrasure along the

gea asunder, isolating the Gondwana landmasses continent's southern margin, a mere extension of

from the northern Laurasian blocks. Both these what is the present-day Gulf of Mexico. Europe and

Pangean subdivisions were subjected to further western Asia, though still separated from eastern



Lsia by the n. »rtl i-south trent ling Turgai straits (Sza-

1971), showed more

!i. hi dm n- th. • |>re\iou> interval. lm|>or!anll\.

iorgt (! 1 1. :',,
, i Km ,y„ ;n ,| . astern North \meriea

as well as between Asia and North America in tlir

Ucring region. Opportunities for biotic exchange

l"7ES , Win i

« | „,s. L993; Beard,

1998).

These northern land connections were main-

line,! in the early Eocene (ea. 55 million ,n\l>|»|.

but a notable break between eastern North America

and Europe did occur with the merging of the far

1 \iv|i. o< cans by middle

Eocene times (Fig. 4). This isolation event was mir-

rored l>\ the subsequent di\crgciice of European

and North American mammal faunas (McKerma,
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I positions for the Late Cret, N;,M,„. ,|'l'l
I

f the Cenozoic, preceding lh<- closure

of the Panamanian land bridge and a marked ex-

change in fauna between the Americas in the Pli-

ocene between 2.7 and 2.5 million mybp (Marshall

& Cifelli, 1990; Woodburne & Swisher, 1995). Not

all trends in the middle and later Eocene, however,

from either Africa or North America is suggested involved a reprise of c

1983; Flynn, 1986). During the Eocene, the far thn

southern landmasses showed increasing isolation,

with India drifting farther northward toward the un-

derbelly of Asia and the Antarctica-Australia mega-

mass ill ifting from southern South America and Af-

Although some dispersal to South America

by the Eocene r

South America r

Further regression of the mid-lati

san. Indeed, Tethys seaway in the region of

giant island Mediterranean Sea (Scotese, 1997)

Middle Eocene 50.2 Ma

Srnl.-M- I I""



sibilities for biotic exchange between Africa i

luirope and u. -stern \si,i.

To summarize, the oscillation of c

I ihc < retaceous-

Early Tertian' is particularly dynamic and is betid

chroniclcl than geographic change (hiring earlier

intervals. 1 1 igldighls of this phase unhide the

marked isolation of many landmasses during the

Cretaceous, a pattern related to geographic differ-

ing & Sues, 1992). By the Late Cretaceous, the

amount ol marine uigressiori. in combination with

< oiiti'K-ni il I- i.meiil ition, piodnecd a marked ex-

tent of shallow epicontinental seas, continental

shelves, and coastline. Main of the best-known ver-

tebrate assemblages, such as the Late Cretaceous

localities in the western interior of North America.

\s noted above, it is appealing to relate the diver

silicalion ol some major clades of more modern ver-

tebrates, e.g., birds and mammals, to the pulse of

continental rifling anc d i- ju« i talion that occurred

in the Middle to Late Cretaceous (Hedges et al.,

1996). Yet the fossil record does not so far show

evidence ol extensive radiation of such groups at

such an . atk Inn. (see dis. I Noi

theless. a degree of endemism for certain vertebrate

groups can be documented, for example, a diverse

group of Mesozoic and earl> Tertian herbivorous

mammals, the miiltitubei. ulales. are well repre-

sented in Late Cretaceous assemblages Irom both

North \meiiea and central Asia. Virtually all :he

imiJltiiix i, ulate ta\a represented in either conti-

central \sian laxa from rich Mongolian sites have

even been identified as an endemic, motiophv l< I i.

group (Rougier et al., 1997). This obtains despite

the fact that central Asia and western North Amer-

ica were at least n I u l.iouga

Sibi i Hi \ n-ka in the l.ale Cretaceous.

In the early Tertiary, patterns of continental iso-

lation, and their biotic effects, differ between the

northern and N.uthem Hemispheres. In the north,

landmasses were relatively stabilized and inter-

change. or isolation, of the vertebrate fauna tracked

the severance or suture ol land connections be-

tween western and eastern Asia, eastern Asia and

North America, and Europe and North America,

fxpectedlv, a marked similarity among llolarclie

vertebrate lamias has long been

staging area for the invasion of many higher-level

mammalian laxa (e.g.. primates, rodents, lago-

morphs, perissodactyls, artiodactv Is. cetaceans, and

others) into North America (Beard, 1998). Homog-

\,„||,

fur ip( i- . eeiallv a|ipa:enl dining

like the early Eocene where north-

ern connection- ueie bi >ad v deveh j«. ,| jSavage .X

Russell, 1983). In the south, by contrast, the break-

up of Gondwana initiated in the middle Mesozoic

progressed, v. :h !url!n i i I' nr and di ill al Ir di .

Doubles ili g. h»: i L-tn ii
• dM contributed

i -i mil. ill\ to the marked patterns of endemism

in present-day fauna and flora documented for the

southern continents. I niortimaleb. the earlv Terlia

lv vertebrate record is less eomplt |. am! I, s. gi o

graphically comprehensive in the Southern Hemi-

sphere. Although important fossil localities

document a rich and highly endemic mammalian

fauna in South America, early Tertiary faunas in

sample of Eocene mammals Irom \ntarcli< a (po

Ivdolopoid marsupials, edentates, and utigulales)

nidi, ales laurial relationships between that conti-

nent and South America ( Woodburue i\ /insmeis

ter, 1982; Hooker, 1992). The early Tertiary ver-

tebrate record for Africa is extremely poor, a hiatus

that critically constrains reconstructions of the di-

versification and deployment ol vertebrates Irom

i level rise and fall, and oce-

the Cretaceous-early Tertia-

n" obviously relate to global

« ioniiu. iil.ii -In It.

Much of the evidence here comes from

lossil pollen li.d p aul II. ;; lilies is. c l.cl. vv ! a- w- I

1

as isolopic analysis for paleotemperalures. Natural

h. the late Mesozoic-early Cenozoic global climate,

as today, was a mosaic of climatic regimes, some of

which are much more precisely documented than

are others. Yet some generalizal ions about overall

trends are possible, as temperature curves, espe-

cially in the case of the northern latitude-, have

distinctive profiles (see Fig. 5 and Burchardt, 1978;

Wolfe, 1978; Janis, 1993; Askin & Spicer, 1995).

The earliest phase of the Cretaceous generally

experienced a warming trend that peaked about

11 a years ago. Thereafter a slow an -I. i

:en . ci ii I

abrupt drop in the last few millic

Cretaceous. Fossil wood and oxygen isotope dal

derived from marine mollusk shells of the \iitarcli

i i
i -I I

- II

I
i

i
i

i. temperatures du:

.ii; the Santonian-Campanian interval to the Ma.e

In. hhaii during the Late Cretaceous (Pirrie & Mai

Ihc



Land Vertebrate Evolution

_25

J? 20

£10

~^S

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 5

Millions of Years

,,, Uurcluinll I l
«

*

.'.* IMJTJ5I. .Kmis (IW.i. .

shall, 1990). Similai

northern and souths

cooling was global.

The early Cenozoic in general shows a reversal

. luil cooling pattern. A warm early Paleo-

cene was sueceei 1 h n < mi i ioi
!

n c I in
!

file Paleocene (see Jams, 1993, and references cit-

Paleocene, but the lapse was temporary. The early

Eocene was a time of dramatic rise in global tem-

perature and marked equability. Indeed, tropical

habitats are evident at very high latitudes, and the

. -i •
, lan nature of fauna and flora, especially

in the holarctic < - .
i king. By the end

of the early Eocene (about 51 Ma), this warming

•)« n I

•• " u i il i ii il gl< b 1 I igh for the entire

Tertiary (Fig. 5). A cooling and drying phase be-

ginning im '!(«• miildl. I' i.e .;. , leial.-d m.uk.-dh

between 43 and 40 Ma and continued through the

end of the Eocene. The more marked seasons i

this cooling trend likely influenced the coincident

turnover in man i
- > d the radiation of

larger more mod< n i mtn I gr< nps that per- >l< d

through the rest of the Cenozoic (Prothero, 1985;

dispersal .\iu\ iiiniiivj-alion.

tly, connected. Although the

«•<
i in irect for much of the Cenozoic. the rela-

tionship between climate, sea level change, and

mammalian faunal exchange is strongly etched for

the late Eocene-early Oligocene transition (Wood-

bume & Swisher, 1995). Indeed, the interplay of

climatic and biotic change relates to the controver-

sy over the boundary line for the end of the I .... cue

(Prothero & Berggren, 1992). A major climatic shift

occurred about 40 million years ago, but a major

biotic reshuffling, well documented in the case of

mammals, occurred over an extended transition

Eocene and through most of the Oligocene.

Again, it is important to note that these general

global scale trends in temperature should not ob-

scure the heterogeneity in climatic regimes that

the late Mesozoic and early Cenozoic. In the Early

to middle Cretaceous, climates at midlatitudes

(southern Lauras i > ml i « Idem < iondwana) were



seasonally <lr\, hut she dominance of lern and co- on the hiota. Not il.lr ar.oti-; those events cited for

nifer palynomorphs in northern Laurasian and the late Mesozoie and early Cenozoic are extrater-

soiithern Gondwaiiai le-iori- ndi. aled eoolei and reslrial impacts and pulses of vol. aiiisin. Archibald

wetter climates (Brenner, 1976; Ziegler et al., (1996a) provided a very useful overview of these

1987). Late Cretaceous climatic regimes were occurrences in the geologic record and then likelv

doubtless diverse, as indicated by the pastiche of affects. The timing and reality of a major bolide

different floras in higher and lower latitudes (see impact at the end of the Cretaceous (ca. 65 million

review in Wing <\
v

! led idek recognized (Alvarez et al.,

ras show greater loss of diversity with the climatic 1982). The evidence for impact is the preservation

deterioration in the last (Maaslnclihanl age ol the of the massive (I 10 miles in diameter) Chicxulub

Cretaceous. But the helerogoneitv in (Innate is not Crater near the Yucatan Peninsula of Mexico. At-

simply indicated by variance in the composition of tendant disasters have been widely imagined and

paleofloras. During the Late Cretaceous, major ar- reconstructed; they include but are not restricted

eas, such as Central Asia, preserve extensive sand I lob l< ihug di .

|
.longed cloud cover (Al

dunes, abundant dinosaurs, mammals, and other varez & Asaro, 1990), acid rain (D'Hondt et al.,

vertebrates, but few plant remains. These were en- 1994), and global wildfire (Wolbach et al, 1990).

vironments subject to intense drying and season- Although such catastrophic phenomena are certain-

dash floods. Smii condition.- are Kpieal ol' deserts selective palter u il c\' n. i i. -:... specially in the ter-

or semi-arid regions today (Jerzykiewicz et al., restrial record, is problematic (see further discus-

1993; Loope et al., 1998). sion below). There is geologic evidence for other

A mosaic of climatic regimes is also apparent in much smaller bolide impacts in the Early Creta-

the early Tertiary. There is evidence of a sharp but ceous, the Late Cretaceous just preceding the Chi-

long-lasling transition to wetter climates over most exulub impact, and in the early Tertiary (Grieve &
of North America in the early Paleoeene (Kastovskv Robertson, 1987; Newsom et al., 1990; Raup,

& McSweeney, 1987; Retallack et al., 1987; Wolfe 1991; Izett et al., 1993; Hildebrand et al., 1995).

& Upchurch, 1987; Lehman, 1990), a shift that has The timing and relation of these smaller impacts to

been related by some authors (Wolfe & Upehureh, major pulse

1987) to the effects of the K/T bolide impact. None- cl

theless, higher latitudes of both North America and A second physical trauma related to extinction

Asia probably maintained extensive subtropical patterns is widespread voleanism. Even isolated

woodland or gallery forests typical of drier, more volcanic eruptions, like the recent Mount Pinatubo

seasonal climates. The marked warming trend in eruption in the Philippines, can dramatically influ

the early Eocene clearly expanded the tropical ence present-day weather patterns. One can imag-

rainforests through higher latitudes, but a narrow ine the magnitude of such effects with voleanism

belt of more seasonal climates probably remained on a much wider scale. Marked phases of voleanism

in the far north of Asia and North Africa, as well are recorded throughout the Cretaceous-early Ter-

as in parts of Antarctica and \ustralia (Janis, tiary interval, but the greatest intensity of broad-

l
,

)
<

>."i|. K\pec|edlv, the coril raet ion of tropical rain- scale voleanism seems coincident with the K/T
forest habitat, and the expansion of habitats that boundary (Courtillot, 1990: Campbell et al., 1992).

indicate drier and more seasonal climates —namely, Flood basalt data taken from the Deccan Traps of

paratropical forests, more open woodlands, and India suggest an enormous volume of lava: as much
temperate forests (mixed coniferous and decidu- as 350,000 cubic miles. It has been argued that the

ous) —accompanied the marked global cooling Deccan event would have produced significant at

trend in the later Eocene (Miller, 1992). Likewise, mospheric changes, such as increased ash and oth-

the Eocene/Oligocene boundary in the marine er particulate matter, carbon dioxide, and cloud

realm shows a sharp increase in temperature sea- cover, that may have induced either global warming
sonality similar to that indicated by contempora- (through the greenhouse effect) or global cooling

neous terrestrial floras (Swisher & Prothero, 1990). (an option more in line with the recorded drop in

i inperature at the end of the Cretaceous)

ITS AND VOLCANISM Another scenario ties volcanic eruption and the re

lease into the atmosphere of elements like selenium

i to changing geography, sea level, and that could be harmful to the developing embryos of

ler physical environmental events dinosaurs and other vertebrates. Selenium or other

ve wide ranging and enduring effects possibly toxic trace elements have been identified
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in the eggshells of dinosaurs from localities at or

near the K/T boundary (Hansen, 1991; Stets et al,

1995), although there is little comparative data on

eggs from older Cretaceous levels. As in the case

of the bolide impact, the mos1 straightfon ird • HI

of marked volcanism would be cloud cover, atmo-

spheric accumulation of carbon dioxide, prolonged

darkness, climatic cooling, and possible temporary

disruption of photosynthesis (Archibald, 1996a).

The hypothesized link between marked volca-

nism and the K/T extinction event, however, does

entail problems. The Deccan event may have been

much broader in time than the extinction event

—

between 69 and 65 million years ago (Prasad et al.,

1994). This broad span, as well as the nature of

the Deccan basalts, suggests continual and long-

term activity much like the shield volcanoes of Ha-

waii rather than sudden and catastrophic explo-

sions like the eruption of Mount Saint Helens.

Moreover, intense volcanic activity, like the bolide

imparl. do>-s not •:!•• ' wk •* p ii»i ihr h gn v se-

lective extinction at the K/T boundary (see below).

Major contributions to this issue of the Annals

deal with the dramatic floral changes of the late

\|.--i /. . ii ' . •! . .i" I hi ~u mmary here de-

rives from those papers and a few earlier reviews,

notably Wing and Sues (1992) and Askin and Spi-

cer (1995).

Earliest Cretaceous floras were generally thought

to lack angiosperms and to look like preceding Late

Jurassic floras, but pollen data from strata of Hau-

terivian age and I
liom the Valan-

ginian, now show that angiosperms were well es-

tablished by the earliest Cretaceous (Friis et al.,

1999). The record is nonetheless spotty, with di-

poor age control, or more readily datable marine

strata with depauperate floras. By Barremian-Ap-

tian times rapid diveisilicatiou •>( angiosperms is

evident, though this radiation seems less explosive

at middle to high latitudes where extensive ferns

suggest persistence of open foliage iWmg <X Sue-.

1992).

Early Late Cretaceous angiosperm diversity in-

creased diamaticalk. cspei tally in middle and mgh

latitudes. By the end of the Late Cretaceous, 50-

<'>{)'/( of ihe fossil Mora wen- flowering plants (( 'tab

tree, 1087; Lidgard & Crane, 1000). This radiation

was coincident with a significant drop in diversity

and abundance of cycadophytes and ferns, but not

a decline in the proportion of conifer species in

these assemblages (Lidgard & Crane, 1090). In-

deed, specimen counts at the Late Cretaceous

Black Hawk locality show that 4 of the 9 taxa rep-

resented l>\ more llian 100 sp< emu us (oul of i Iota!

of 7400 specimens) are conifers or cyeadoph\ies

(Parker, 1976). The data suggest a Late Cretaceous

co-dominance of gymnosperms with flowering

plants, at least in certain localities were such a

census is feasible.

This diversification notwithstanding, angio-

sperms, prior to the Campanian and Maastrichtian,

did not compare with the present-day angiosperm

floras in their rai . I< oles. Angiosperm

wood is rarer than contemporaneous flowers, as well

as coniferous wood (Wing & Tiffney, 1987). In ad-

dition, latitudinal variation in angiosperm diversity

persisted throughout the Cretaceous. For example,

i r k. i show a lower pro-

portion of angiosperms than do lower-latitude Moras

(Spicer & Parrish, 1986; Parrish & Spicer, 1988).

By Maastrichtian times, these high-latitude floras

were drastically reduced in diversity and show

signs of lower productivity (Spicer & Parrish,

1986), plausibly a result of Late Cretaceous cli-

malic deterioration. \ more stan.e pattern of diver-

sity and productivity, however, is indicated in Ant-

are . i ring the Late Cretaceous (Askin -X Spicer.

1995).

Following the K/T event, the replenishment and

d \ ersifiealion til angios| i rms -how - aiai -, •

I In i

erogeneity on a global scale. This has strong im-

i I canons for any scenario concerning the range

and magnitude of the extinction event, its cause,

, . - • lecls on the biota. In the North American

earliest Paleocene a drastic decrease in angio-

sperms is indicated by the presence of a "fern

boundary (Orth et al., 1981; Nichols et al., 1986).

This fern flora was succeeded by an angiospei ru-

tted flora of quite different composition than

the conifer-abundant floras of the latest Cretaceous

of North America (Orth et al., 1981; Tschudy et al.,

1984; Tschudy & Tschudy, 1986). Wolfe (1987) at-

lofe

/ tole

Moral

the K/T boundary to relatively lo\

cold snap caused by the impact cloud. But the

for North America displays notable

-bow low divet-il\ lor tin fust |< w million mmi- ol

the Paleocene (Wolfe & Upchurch, 1986, 1987),

but floras in western North Dakota show a more

rapid increase in diversity (Johnson et al., 1989;

Johnson & Hickey, 1991).

One of the most provocative aspects of the pa-

leobotanical evidence is that the dramatic fall-off

in angiosperm, indeed floral, diversity at the K/T



hoiuidaiy iio< - 'lot !)..l:i lo! certain ( ,(hel legions of

the world. Paleofloras from Japan (Saito -I al..

1986), New Zealand (Raine, 1988), and Seymour

Island off Antarctica (Askin, 1988) show little or

no turnover at th«- boundary. Tins is in strong con-

trast to the terrestrial faunal picture, where non-

avian dinosaurs were supposedly decimated world-

wide (hut see discussion below on the paucity of

non-North \inericau \criebraic sites brack, ting I'm

K/T boundary) and the large letrapod herbivore

Koce " |,,»h. e,

or marginalization of the thermoj)hilic plants (Man-

chester. I')')<)|. Likewise, increased aridity during

the late Kocene in the Rocky Mountain region pro-

moted loss (if coulters, even in V\etlei habitats al

lower elevations (Wing, 1987). A global decline in

temperatures and greater

Ma resulted in a shift to more broad-haled types

of y (gelation in coastal North America (Wolfe.

1978), a pattern essentially duplicated in Kurope

(Collinson & Hooker, 1987). It is noteworthy that

by iin.l Oligoeenc. most woody genera that typify

modern North \inerican forests were already pre-

sent (Manchester, 1999). Thus floral changes, as

well as vertebrate faunal turnover, during the late

Eocene-early Oligoeenc interval established the

persisting terrestrial e

The plant record, therefore, shows both <

Tertiary. Angiosperm floras, though still spoltib

sampled, were definitely established by the earliest

Cretaceous (Crane & Lidgard, 1990). \ngiospeim

diversification, though sub|cl to a number of puis

es. seems to have been progressive rather than in

stantaneoiis dining the < aelaeeoils. | )|||ei dices n

these patterns of dl\ eislllcal ion from the hate Cie

taceous through the early Cenozoie in higti i ililude

rimlln i mi and southern i, -> on- . an l» . 'is I
•

1 1 1 • .1 to

;ed. The discrepancy in the dif

global pattern between faunal ami floral change still

Early-middle Paleocene floras of the Northern

Hemisphere show low diversity and stroni: homo

geneity, as exemplified by very similar floras from

the late Paleocene ol Mongolia. China, and western

North America (Crane et al., 1990; Manchester,

1

(

)<)<>I. I luring the early Eocene the rise in global

paleoteinperaliues , orresponds with a high point in

tropicahly and the lloiirislung ol angiosperm-dom-

inated closed forests; subtropical vegetation ma\

have ranged as far north as ()() latitude and mid

tistratal tropical rainforests occurred at 30°N
(Wolfe, 1985). In the Eocene, Australia (then be-

tween 30 and 60°S) harbored diverse angiosperm- ident.

dominated tropical to subtropical rainforests (Hill, divers

1982). Argentine floras were tropical but were sub-

ject to seasonal wet and dry periods (Knmem.

1986). The African floral record shows evidence of

uet tropical forests beginning in the middle Tertia-

ry, though such habitats likely did not spread on a

continental scale until the Miocene (Axelrod & Ra-
yen. I

(
'7!!!. bale Kocene Moras from Egvpl were wel

and tropical with indications of seasonably {Wing

& Sues, 1992).

y and drying phase during the middle

rid in t

ugly i

persal corridors (Askin & Spicer, 1995). Consideiable

Moral heterogeneity, including the persistence of

more open \egclaliou during the Cretaceous at cer-

tain latitudes and on certain continents, also has

been related to (he trophic impact of huge terns

etogeneitv likewise obtains for the global pattern ol

Moral extinction and replacement at the K/T bound-

ary. In North America, turnover of the flora is

marked, but in Asia and the Southern Hemisphere

little turnover coincident with the K/T event is ev-

- Paleocene and early Eocene, floral

n was fed by global warming and the

latitudinal spread ol tropical and sub

tropical forests. Homogeneity among Northern

Hemisphere early Kocene Moras matches that seen

ill the vertebrate fauna. Starting in the middle Ko

ecu,', marked global cooling and increasing aridity

middle Oligocene, by i

essentially persist today.

dui rig the late Mesozoic-eatb Ceno/.oic. Brief dis-

is impressive and rapidly

improving. Comprehensive treatment of the early

I oss i I record ol pollinating insects ean be found in

I ). ( uunahli's contribution to this volume (Crimaldi.

1999). The first occurrences of aphids (Homopteia).

short-horned grasshoppers (< hthoptera), and gall

wasps (Hymenoptera) are in the Cretaceous. The
equivocal bale Cretaceous record of ants (llennig.
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1981; Wilson, 1987; Agosti et al, 1998) is now

eonfidentb established based on well-preserved

specimens in Tiiioniau-age ! Lite « irelai 'eons
!

am

ber from New Jersey in the northeastern United

States (Agosti et al, 1998).

Perhaps the most interesting aspect of the insect

rial in-; insects. The major groups in question are

the Lepidoptera (butterflies and moths). I Is menop-

tera (bees, wasps), and Diptera (flies) within the

Uracils eera. Lepidoptera have a clear record since

the Early Cretaceous (Whalley, 1986), but there is

evidence of their first appearance in the I pper .In-

to Late Cretaceous (Grimaldi, 1999). Likewise, the

Uracils eera have a record dating back to the Upper

Jurassic. The pollination motive in Late Cretaceous

angiosperms seems somewhat different than that in

mid-Tertiary floras. Most flowers were radially sym-

metrieal (actinoniorphic) and probably either pol-

linated bv wind or by a broad range of insects rath-

er than just the Hymenoptera (Friis & Crepet,

1987; Crepet & Friis, 1987). But advanced eusocial

bees are known from the Campanian (Michenei &

Grimaldi, 1988), and the presence <

flowers in the Cenomanu

.In n (Drinnan et al., 1990). A suggested lag

between the rise of angiosperms and a putative later

appearance of pollinating insects has been disputed

(Grimaldi, 1999). Assessment of fossil occurrence

data against patterns of phylogeny suggests a co-

incidence between the radiation of angiosperms

and their insect pollinators, a coincidence expected

b« iln« -i tig ecological i i lependi n< o of these

groups.

The fossil record suggests a continual increase

in the number of insect families throughout the Pa-

leocene, with the appearance of modern groups of

moths and butterflies by the Eocene. Formicoid

ants also show significant diversification from the

Late Cretaceous through the Paleocene (Wilson,

1987).

The insect record for this crucial interval is of

course still patchy. Yet what we know of this record

seems to indicate two essential patterns of insect

evolution. First, the radiation of pollinating insects

is now extended back to a time coincident with the

i id n !)<» .- i i j. pi 'in - S< < >nd, there is no

evidence of perturbation of insect disci In i

that is clearly related to the ¥JT extinction event.

the sake of completeness, the basic aspects of the

[ record ol 1 1 and freshwater

vertebrate groups (Fig. 6) are provided here, with

the weight of the discussion centering on the groups

with particularly well-documented records. These

is on distribution evidence for

ips during the Late Cretaceous-early Tertiary,

i emphasis on differential survival across the K/T

informative teeth. The tooth r

ed in some case- lis spectacular fossils of calcified

cartilaginous skeletons. The elasmobraneh fossil re-

fer the waves of succession of major groups (Cap-

petta et al., 1993). Many archaic chides had n-

ally known as families of the mid and late Paleozoic

dwindled i ,\i i'

:

" » ii ii i lis d e lYiassi" . The Me

sozoic radiation comprised clades extending back

to the Carboniferous (e.g., Polyacrodontidad.

i gi nating in the Triassic or Jurassic but

di- : i. mg by the earliest Tertiary (e.g., Ortha-

codontidae), and clades first appearing in the Ju-

rassic or Cretaceous and persisting through the Ce-

nozoic to the present day (e.g., several squalimorph,

squatinomorph, and galeomorph familial lines!. The

lineages emerging during the later \1osh/..h l.u

outnumber the modemhigher (lades thai base Inst

Dalatiinae, and Rhincodontida

The persistence of higher

K/l

some evidence for at least local extinction at t

species level. Archibald and Bryant (1990) and 1

chibald (1996a) documented the disappearance

lowermost Paleocene beds of five species of eh

mobranchs known from the uppermost Cretace<

Hell Creek beds of Montana. These species w<

freshwater forms, as the fossil localities in the H
Creek Formation represent habitats that were 1

to 150 miles west of the receding epicontinen

marine sea. Thus these fn - i. il< -nark- i.d

sufficient e\ idericc

i in the North American record.

\I RECORD-VERTEBRATES Bony fishes. The present-day diversity of bony

fishes (Osteichthyes) is overwhelmingly embraced

Although vertebrates have a much more enriched by the actinopterygian or ray-finned fishes, which

record of faunal change from the Cretaceous number above 20,000 species, nearly half the
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named species of all living vertebrates (Moyle &
Cech, 1988). This great radiation began at least by

the Silurian, with the appearance and short dura-

tion of Andreolepis, followed by the Devonian and

Carboniferous radiation of many archaic clades

(Gardiner, 1993). Waves of successive clades of

basal ;k Imoptervgiatis also, haractcr izc the I nassic

«;ai 1993). The s

lades of more modern bony i

began tst in the Early Mesozoic, with an im-

I

, ded by the Cre-

I j. in- (Patterson. I

, '"»" \ distinctive quality of

the teleost record is the very large number of li\ ing

clades whose first appearances are recorded in the

earliest Tertiary (see figs. 36.1-36.6 in Patterson,

1993).

\\ ithin actinopterygians, the vast majority of ter-

mbers of the Os-

tariophysi, a major clade that includes carps, char-

acins. suckers, loaches, and catfish, f )sta: iophs sans

have largely a Tertiary record • ides

either appearing and terminating in the Cretaceous

(e.g., Otophysi and some incertae sedis S roid i

, i , m, -,
i .. it ing in the Cretaceous

d
I

- -ting to the present (e.g., Diplonnslidae,

Ariidae). Nonetheless, a few basal freshwater actin-

opterygian groups straddle the K/T boundary, a pat-

tern evident even at the species level. These in-

clude the chondrosteans

—

the aempens. -i ids

(sturgeons) and the pol\<»l iikU ij> 1
!

These more primitive forms, along with the lepi-

sosteida (gars) and amiids (bowfins), account for 7

of the 15 species of actinopterygians known from

the Upper Cretaceous Hell Creek Formation of

Montana (Archibald, 1996a). Remarkably, all these

gioups i I
-! - < igu nl tin (h inzens of Creta-

ceous river systei i - no «- i \» -is,! through lh«

Tertiary but are still found today in the Mississippi

ri\ei drainage The reman ing right groups of bom

fishes preserved in tin !

J

. II t ao< k I'orn.alion arc

teleost clades, although the more basal aetinopi.-t

inmate the sample of fish rem

this sequence. ^ Isoti i i!'"<J i-i I sort..

Hell Creek teleosts previously described as the ex-

linct I'latacodon as extant Ksocoidci. These authors

also argued that the dearth of Cretaceous teleost

lineages is a problem of sampling and monographic

1 is an 1 that many of the Tertiary clades probabl)

have Mesozoic mvi i.-.s .iu.jIiml' d--si i i|»t ion

Revised studies of teleosts, as well as the records

(60%) in the Hell Creek Formation persisf into the

Tertiary (Archibald, 1996a). Moreover, the pros-

pects for mark, d in proscmctits in documenting I'm

Cretaceous record of teleosts argue against linking

the impressive diversification of this group strictly

with cms loniiK nla changes i! .>' post :ai< the \l.

The other division of Osteichthyes, the sarcop-

... i arc primarily a Paleozoic radi. I

a few clades (Gnathorizidae, Ceratodontidae, Lau-

giidae! pens sting thiougl the Mesozoic and ill some

cases early Ccno; - "' 5). Some sarcop-

|( rsgian chides -how ren arkanlc longesits; these

include Neoceratodontidae (Triassic to present), La-

lutieriidae (Jurassic to present), and Lepidosireni-

d.K (Ciclac. ous i [• • s< nl i M u >l I'n -, I i < ig •-

arc motiolvpic or contain very few taxa. The more

ification in the Paleo-

yery persistent clades

whose diversity was greatly overshadowed by that

of the actinopterygians.

Lissamphihuiiis. i'he moo.ru auiphibian g:oups

frogs, salamanders, and caei

Lissamphibia, some of whose surviving lineages

have a long fossil history (Milner, 1993). The ear-

liest lissamphibian records, represented by the ex-

opterygian div

assic. Both frogs (Anura) and sal u !• r

(Caudata) appear by the mid Jurassic, and some of

these lineages (e.g., the anuran Discoglossidae)

persist today (Estes, 1969). Many lineages of liss-

k at least to the Cretaceous

|e|, rate

the gcocmonologicnl endur;

aups, the apparent i

nun ici i in >', frog i .1 ilamanders to the

Cenozoic may reflect sampling and mo :

bias. Amphibian remains are usually fragmentary

and often elude identification. Estes (1969, 1982)

pioneered much of the taxonomic work on Creta-

ceous and Tertiary amphibians as well as squa-

mates (see below).

As in the case of several other vertebral, groups.

the primary reference sections for latest Cretaceous

and earliest Tertiary lissamphibians are in western

North America. Lissamphibians are less common

in the Upper Cretaceous Hell Creek Formation of

Montana (Archibald, 1996a) than they are in the

Upper Cretaceous Lance Formation in eastern Wy-

oming (Estes, 1964). The faunal contrast has been

attributed to more fluvial conditions in the Lance

sequence (Archibald, 1996a). Of the five families

of lissamphibians in the Hell Creek, only one, the

Sirenidae, includes extant species. The remaining
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liarv In lact. all eight o| (Ik I i- 1 1

1

1 • 1 1 1 1 > i . 1 1 1 species

i.lei.tilie.l from Hell Creek are survivors of the K/T

event (Archibald, 1996a).

Tt'stiitlinrs lluillr.s). Tu riles are an ancient -roup

ol vertebrate- whose remains of -hell fragments are

among ill. niibl common fossils found at many ter-

restrial sites. The record of the group extends hack

to the Triassic, hut the Cretaceous is nolahle for

marking the first appearances of mam turtle line-

ages, several of v\hich (Chelvdridae. IVloiue.liisi-

idae, Triotiychidae. Clieloniidae. Careltochelvdae)

survive today (Hutchison & Archibald, 1986). Vir-

tually all other extant turtle clades date back to the

Paleoeene (Benton, 1993). With respect to the Cre-

taceous Tertian transition, turtles, like lissamphi-

bians and actinopterygian fishes, show a high sur-

vival rate. Eleven higher taxa of Cretaceous turtles

have records that cross the K/T boundary, while

only five elailes disappear hefore the end of the

Cretaceous (fig. 39.1 in Benton, 1993). This pattern

es. Fifteen of seventeen (89%) turtle species from

the Cretaceous Hell Creek fauna are also known
from Tertiary faunas (Archibald & Bryant, 1990;

Gaffney & Meylan, 1988; Brinkman & Nicholls,

1993; Archibald, 1996a).

S,/inini,i!,-s (lizunls and snobs). The early squa-

mate record, though spotty, is lately much im-

proved. Inspired by important analyses bv Estes

(1964, 1983), recent work has expanded greatly the

taxonomic treatment of Cretaceous lizards (e.g.,

Nessov, 1985, 1988; Richter, 1994; Gao, 1994; Gao
& Fox, 1996; Gao & Hou, 1995; Cifelli & Nydam,
|9<>.V.. lxliem.lv large and diverse samples of I .ale

Cretaceous lizards (see \ovacok et al., 1994; No-

vacek. I'» (
)(,) ,,c n,,vv under study by Gao Keqin.

ence work on squamate geological distributions

(Benton, 1993) warrant revision. At present it is

mi tin record ol lossil lizards extends

lizard can he referred to am of the modem clades

(Seiffert, 1973; Estes, 1983).

.In in.

groups is first recorded in the Cr<

Tertiary (Estes, 1983; Sullivan, 1987; Benton,

1993; Cifelli & Nydam, 1995; Gao & Fox, 1996).

Recent work has pushed hack the minimum age of

first occurrence in several cases. For example, the

Iguanidae* (' asterisks indicate a in.talaxoii not

diagnos.-d bv apomorphies; see Cauthier et al.,

1988; Estes et al., 1988), Scincidae. Xenosaundae.

and Ne.tosuutidae' have been lisle<l as first ap-

stage (ca. 75-65 Ma) in recent compendia (e.g..

Benton, 1993). It is clear now that these clades date

back at least to tin- pie. .-ding Campaiiian stage (ca.

83^80 Ma) in North America (Gao & Fox, 1996).

IV.ssibh contemporaneous occurrences of Iguani

dae* and Necrosauridae* are known from Central

Asia (Borsuk-Bialynicka, 1991). The extant family

\ngiiidae is first leeonled from the earlv Campaii

ian of North America (Gao & Fox, 1996). Other

groups of at least Campaiiian age include the more

advanced vaianoids, Varanidae and Helodermati-

dae, and the diverse Teiidae, although Winkler et

al. (1990) identified possible teiids from the Early

Cretaceous (Aptian or Albian) of Texas. Early Cre-

taceous occurrences aie also cited lor the Cekkon

idae (Alifanov, 1989), a possible relative of Nec-

rosauridae* (Cifelli & Nydam, 1995), and a

lae ii W ink.lt i . I

al., 1990, reassigned by Gao v\ Fox. I99(,|. Notablv.

the extant Cordybdae. Amphishaenidae, and Xan-

tusiidae, listed by Benton (1993) as first appearing

in llu I'.dcoci ne. an 'low I iowii from possihlv re

ferable taxa in the Late Cretaceous l Korsuk-Bialv n

icka, 1991; Gao & Fox, 1996).

many lizard higher clades survived the K/T extinc-

tion event. Of some 19 Tertiary or extant clades

usually designated as families. 13 (e.g.. Iguamdae *

.

Vgair.id
i i ii in ! ., 'kkouidae. X.mlii

siidae. Teiidae. S. in. idae. Cordylidac. Angiiidae.

Xeiiosain idae. Necrosauridae*. Helodei mat idae.

and \arauidae) have first occurrences in the Cre-

taceous. Nonetheless, selective extinction is appar-

ent at lower taxonomic levels. For example, tends,

the most diverse group ol Late Cretaceou- li/ar.ls

' North \ icrieaii rid \ li in faunas (Estes,

1983; Borsuk-Bialynicka, 1991; Gao & Fox, 1996)

show marked extinction at the K/T boundary. All

four species of teiids from the Hell Creek Korma-

1996a). [Before the end of the Cretaceous, tends

likely entered South America and later diversified

there during the Tertiary (Gao & Fox, 1996).] In

fact, only three of the ten lizard species assigned

to seven differenl families persist into the Terliarv

(Archibald, 1996a). This pattern should be tested

against records in the Coin Desert of Mong i i an !

nas are even more diverse and much heller [(re-

served than in North America. I iifortiinalelv. an

Upper Cretaceous- Low ci Paleoeene sequence pre-

serving the K/T boundary has yet to be found in

the Gobi (Novacek et al., 1994).

This improving document of lizard distributions
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docs tint, unfortunately, extend tn its s<|uaruale sis

ter taxon, the mi ik. -s ->.-i
|

• Snakes have a

record extending back to the Early Cretaceous, and

several of the extant or Tertiary higher

iliidae, Boidae, Madstoiidae)

the Late Cretaceous (Benton, 1993). The emer-

gen! e and impressive diversification of souk of ili<

more modern groups, like Colubridae, Viperidae

and Llapidae. in eurrei • restricted to the Tertia

ry. Doubtless, occurrences of snakes in the Creta

ceous record will < - iei i

squamate remains from many collec

CJuimpscsuurs. The crocodile-like appearance of

the champsosaurs is misleading, as this group, also

and their archosaur relatives, the dinosaur- (in-

cluding Sards) and pterosaurs. The group ranges at

least from the Early Cretaceous to the middle Eo-

cene (see sumin i u Hentoi '

-

'

saurs are very common, it fragmentary, fossils in

Late Cretaceous and early Tertian faunas. Archi-

bald and Bryant (1990) and Archibald (1996a)

claimed I
'

'
• i.s s addled the K/T

boundary, but the lack of a comprehensive classi-

ficai.cn: pn-( aales ai.\ analysis ol disti il)iitinns for

speci< - of this taxon.

, Late

Ike impressive and eml

rocodilians extends from the

• present. Appreciable radia

corded in the Late Jurassic

rtaceous, and the early Tertii

her chides that have Tertiar

records are known from the Cret

1993). This includes the ea

extant "families" Alligatoridae and Crocodylid.

On the other hand, several crocodilian higl

clad< -
< I'auiusicl ida--. IVi.-osauridae, I Isisosiicln

dac. l'ataiaga!onda< .. am! 1 >o| cnochampsidaei dis-

appear at or slighllv call er thai, the Ik/T boundarv

Species-level analysis in the Hell Creek-Tullock

Formation section shows th

odd hi -species from the Hell Creek Formation ex

tend into the Paleocene (Archibald, 1996a).

, long the subject

erest, have in more recent years been the focus of

nassive systematic revision (e.g., Weishampel d

il., 1990; Sereno, 1997). Such studies apply cla-

listi< methods adopted earlier in the case of many

it her vertebrate groups. In addition, there has been

l great sillg. during the last decade <>t iliscovei es

,fdl.i..sa II [..ssils tt ..rldH de. Both field discoveries

and modern

tiny of numerous theories on dinosaur evolution

(Currie & Padian, 1997).

One evolutionary scenario of particular relevance

here is the correlation between the Late Mesozoic

ladialion ot ln-i lav <.iniis hadn .s.niis. u kv Ins.niis.

and .....
I the emergence of the angio-

sperm flora (Weishampel & Norman, 1989). This

scenario was derived parti) from the observation

that Cretaceous tetrapod faunas showed pro-

•ctween Northern and South-

north (but prin, i i! the

9 below) there

is an apparent decrease during the Cretaceous of

h <Ji ii'M^nr. sauropods i\\-as| ;uii|iel t K \oniian.

•tM')) ,ii d -t« gosju.rs. hut a « niteomitaiil increase

and diversification of ankylosaurs (Maryanska\

1977; Coombs, 1978), ornithopods (Weishampel &
Sereno, 1997), and especi;

Kad.a Psit

lad, C (See,

1997), and later with protoceratopsids in Fast \sia

and North America (Russell, 1970; Maryanska &
0sm6lska, 1975) and huge ceratopsians in the lat-

est Cretaceous of North America (Sereno. 1W7). In

the Southern Hemisphere, sauropods continued to

dominate and hadrosaurid ornithopods remained

rare throughout the Cretaceous (Bonaparte, 1987).

Pachycephalosaurids also appeared in the Early

Cretaceous (Maryanska & Osmdlska, 1974; Sues &
Galton, 1987) and diversified throughout the peri-

od, especially in central Asia and western North

America (Sereno, 1997).

This . relal abundance and i

lb. Lnlio-

and diversity of angiospernis in dis-

i (Bakker, 1978; Wing & Tiffney, 1987;

& Norman, 1989). These groups prob-

ably foraged in herds, with the effect of

considerable harvest on foliage dominated by

"weedy" angiospi ms \< < nidmgly, this interaction

represents a putative case of coevoluii..i

low -brow sing iiei w. oa- dinosaurs set up concll-

tions for favorable selection of weedy foliage, typ-

ical of angiospernis (Bakker, 1978). Under this

scheme, South American Lai-

ras, where high-browsing sauropods continued to

flourish, should differ significantly from contem-

piiianeous North \iin>h ii '.<.•' it a n. Nuiuelv. dis-

turbed angiosperm-dominated vegetation should

in Wing & Sues, 1992). There is some evidence to



suggest i[i,)' ih, dm [situation <>l angiesperms U!

! ijj.lici -oath. !M I liiiiid.'s was slower, at least up

until Ceiionianiai; time- (Diuitian K (aai.<-. I'»'>0;.

Nonetheless, ih,' correlation between the ,li\, rsifi-

CallOll III low hlnHMIir i
«

-i-l .i \ OUUJs dmo-ain- ai «l

angiospentis is biased toward the North \merican

record. Indeed, it is difficult to draw the contrast

between simply the Northern and Southern Menu

spheres. High-browsing sauropods, for example,

continued tc Mm isli leitgsid, hadrosaurs and an-

kylosaurs in the Late Cretaceous in Mongolia and

China, where there is also evidence for angiosperm

assemblages (Gradzfnski et al., 1977; Novacek,

I "*'im Sa nop ids. and loi thai aialli i aadrosauis.

are very rare, however, in Upper Cretaceous red

bed sequence- »f central \sia that represent semi-

|')!L»I

and inks lo- in i- a-, loimd in abund in. < ( ,i id/m

ski et al., 1977; Jerzykiewicz et al., 1993; Novacek

et al., 1994). Unfortunately, the rich concentrations

of vertebrate fossils in these red -bed tacies are not

accompanied by adequate concentration- ! pi inl-

and pollen, due might be forced to the conclusion

relai

. hah

itat. angiosperm-dominatec :\ pi! icd . i> a

sail \ -lobal

scale patterns.

One aspect of the non- avian dinost mr record is

of course incontrovertible: there is no unambiguous

evidence of dinosaur ,„-. •urrence in Tertiary se-

queiK-cs anywhere in the world, and dinosaur ex-

Mesozoic is one of the

I hi i

1 1 ii aiks ill the 1 . --il i. ,-i.id . Two issues

record, however, must b<- consid-

ered. First, there is an uneasy reliance on the North

\nierican record lot calibrating the dinosaur e\-

faunas are well documented in numerous localities

namely, occurrences just below the K/T bound-

North America (Archibald, 1996a). The only pos-

sible exceptions to this isolated record are contro-

South America (see Archibald, 1996a). This dearth

of global-scale data still leaves open the p. —ibil i.

ih ii dii ...-.mi - max I av< peis sled into the Paleo-

cene, or alternatively may have disappeared before

the end of the Cretaceous, in some regions of the

world.

A second and related issue concerns the tempo

and timing of dinosaur extinction. It is clear that

the K/T boundary in North America shows the

abrupt tern n .va il notable linos. i us. -ucti a-

T\Hinni>sa:inis and '/• /ce/ ulr.ns but there is an ar-

gument liial duin-aui li\er-itv w as on the wane for

- =
-.••! rail I ion years preceding the end of the Cre

taceous (see Archibald, 1996a). This is based on

d« cuuiomaln t' ol \ Hlii V-iK-i • an i--i-ii hlag. - <!i-

tributed between Judithian and Lancian Land

\1 mi f \ . \1 ii da Ma) -bowing a reduc-

i >n i) dinosaii: (pi an u \ ceralopsian and I adm
- ii

: diversity from 33 ge

1990) to 19 genera (Archibald & Cle,

Russell's (1984) counterclaim that Lancian dino-

saur diversity was maintained above the level of 30

genera has been disputed In \rchibald (1996a) be-

cause many of lb. tail, I la\a trom the Lancian

ha\e not iei civ* d piihh-h - i:- m «

' I . i

sell's rarefaction anabsi- introduced incorrect as

sumptions concerning sample sizes, \rclnbahl

(1996a: 37) concluded: "This means for the best,

and really only well-sampled, latest Cretaceous di

nosaur faunas in the world, the fossils themselves

reveal a 40% decline in genera of dinosaurs in the

waning ten million years of the Cretaceous. The

dinosaurs were indeed on a slippery slope of de-

. line Ion- belore lh< K,
;

I benmia.'v

Despite such a generalization about dinosaur de-

cline, many ambiguities concerning the relevant re-

cord persist. Archibald (1977) and others noted a

10 fool < ap between lli. ippei most occurrence of

dinosaur bone- in the Nell Creek Formation and

the K/T pollen shift and iridium layer. In the more

southern localities of \ew M- \i. o. .| iio-aui I..— il-

were found three to six feet —and trackways 15

inches —below the layer with iridium concentra-

tions (Pillmore et al., 1994). These observations

:n it be taken to dispute the firm coincidence be-

However, Archibald (1996a) noted that the upper-

most section of the Hell Creek Formation is gen-

erally depauperate m fossil vertebrates, and the ap-

; - i|> between the la-t dinosaur occurrences

and the indium la\ci cui.d be a function ol sam-

ple- del iided b\ had mi: < i bom . low rales of sed-

iment accumulation, and soil development unfavor-

able to preservation. Other attempts to document

distribution through this

critical section include work b\ Sheehan el al.

(1991), who claim to record steady numbers of in-

dividuals and taxa of dinosaurs through the Hell

Creek. This analysis, however, focused on family-

level taxa, where the disappearance of genera or

species would not be recorded. \t the present lime.

- rn- i. asoi . |, .in i (, •. there is some in-

dication of decline in dinosaur generic diversity

over the last ten nullum years of the Cretaceous, at

least in selected areas of western North \nienca.



but finer-scale patterns bearing on dinosaur diver-

sity approaching the K/T boundary are unclear.

1/ id . (inosaurs (birds). Birds as well as othei dr

i -i • a\e enjoyed a recent wave of paleontolog-

ical discovery and monographic study, resulting in

a much ini|»rovcd picture of then earl\ hislor\ and

phylogeny (Gauthier, 1986; Chiappe, 1992, 1995;

Padian & Chiappe, 1998a, b). Although bird spec-

miens from the Mesozoic are still comparatively

rare, the\ include some of ll<e most exquisitely pre-

served and important fossils from the Mesozoic ree

onl. Thai assemblage include- \" I, n.v; >/<•/, <
/'.'/.-

, >jl'.. •/•/,«. ,/ from the Upper Jurassic Solon hofen

liitH-sioties, slid the earliest and most basal member

of birds (Padian & Chiappe, 1998a). These spec-

i . . i issils are augmented by skeletons, many

of which have been found only in recent years, of

a variety of Greta. • on- i. i.l- \ gentina, Spain, and

China have pmdue,-d llie -hoil-winged enantiemi-

ihines. which vary from the sparrow-sized Sinomis

lo the link, v . 1 1 hi! 1 1 —i/.-i I f'i,<ihl;->'ii'>. I a. I i.-.-i. n

sequences of Patagonian Argentina have yielded

the flightless Patagopteryx, and the Upper Creta-

ceous of North \ineriea preserves skeletons nf ihe

lliil I //•sfierornis, and the tern-sized

Ichthvomis (Chiappe, 1995). A particularly spec-

tacular addition to this sample is represented In

new finely pies, -j --i . n ,nlh feather im-

pressions of both uoti-avian theropods (Sir/ostinrop

trrw. f'rolarchanipjcry.v) am! birds from llie Linon

ing Province of China, an assemblage dated as Late

Jurassic or barb Cretaceous (Padian ti Chiappe,

1998a). Other recent discoveries include the flight-

less bud Mononykus from the Late Cretaceous of

Mongolia (Chiappe et al, 1998), a form that shows

birds and non-avian manirapn ran thero] i Is Fossil

evidence extends to embryos and eggs of the Late

Cretaceous form Gobipteryx (Elzanowski, 1995) as

well as a nestling enantiornithine bird from the

Lower Cretaceous of Spain (Sanz et al., 1997).

The « Me-

sozoic bird:- does not radically altera priiuars as

pec! of I he avian fossil record. The diverse lineages

of modern and extant bird lineages are overwhelm-

Unwin, 1993). The Mesozoic bird groups noted

above do much to elucidate the close affinities and

transitions between funis and other iheropod di

i .:- i- though this theory has a few <! n n -i-.

see Martin, 1991; Tarsitano, 1991; and Feduccia &
Wild, 1993), but they cannot be placed within the

crown group (ueoniilhines) that contains all extant

I. ml- a d Itn ii . • >riin .• •- i'ii i -I'M bi-d ..I. tin -

Mesozoic stem lineages, primaiib l.he Knanliorni

nd ( )i ic. fail to survive

into the Tertiary (Padian & Chiappe, 1998b). Con-

versely, few extant higher taxa (orders) of birds, and

no e\tanl families, arc known hem ihe Cretaceous.

The putative Mesozoic candidates include Char-

ii . r •
- !'

i from the latest

Cretaceous of Wyoming and New Jersey (Olson,

19<)5). possibh' neoiniitiines bom the Late Cicla-

ceous of Canada (Tokaryk & James, 1989), Gavi-

iformes from the Late Cretaceous of Antan ti< a and

Chile (Chatterjee, 1989; Olson, 1992), and Anser-

iformes from llie I ah 1 in in- .-<> n ol \n\>i« in a I
\o

riega & Tambussi, 1995). In addition, some f'rag-

mentan Cretaceous lernains of possible in oiuith ues

have been recme • m Kuro| and Asia (Nessov

& Jarkov, 1989, 1992; Hou & Liu, 1984; Kuroch-

kin, 1988). In contrast, the early Tertian shows

abundant, though often fragmentary, <\ idencc of the

radiation of modern bin Is \ irtuall\ all of the 35 or

so extant avian orders, with the possible exception

i • os. formes, were present by the

Eocene (Unwin, 1993; Feduccia, 1995).

This nap between the ranges of stem Mesozoic

bin 1 -- Hid modi in mid ln>< u-< - h i- pioi,
t

I- d llie

riiii I Ian underwent an explosive radia-

tion over a 5-to- " nlhe i ear i I di.ni I

early Tertiary (Feduccia, 1995). This pattern sug-

lineages, a subsequerii bottleneck in bird diversity,

and a dramatic reorganization and diversifL iti ti d

burn lineages a few mill an \ears after the Creta-

ceous cxlii i-tion (•.nl. flic origins ol . via it order-,.

i milics.. ind lliei ^enei i .1 i med to track the

temporal cascade often applied to Cenozoic mam-
mals (Feduccia, 1995). Others (e.g., Padian &
Chiappe, 1998b) have argued that this is an over-

nilerpivtation of a spotty fossil record which may,

over time, reveal abundant and unambiguous evi-

dence of Cretaceous neornithines. Moreover, com-

parisons of gene differences among neomilliine

bird orders that assume clock-like rates of molec-

ular evolution have been interpreted to indicate a

time span of 90-100 million years (Hedges et al,

1996) or even earlier (Cooper & Penny, 1997) for

Ihe dm t^-no- of in. -e im ita-s. I liu-. l-dh a -kep-

liiasii] eoneeriiiiig tin qual l\ of the < avla. . m.s !>,rb

record and a reliance on extrapolations based on

gene comparisons might lead one to argue that the

radiation of modi in bud- h. gnu in die lale Meso-

zoic and persisted through tin k/'l extinction event

Ii mil I i \ ictive feature of

diis scenario is the ,4>\ io is s\ ioh>'ony :>c|vm . n Ii

olacf.- rked



Imental 1 1 igim i I > li.ua. I. i- ceous. Extinction of this basal bird group by the

ized the Cretaceous (Hedges et al., 1996). end of the Cretaceous is in fact agreed upon b\

\\ hull ! ihe-e altei rial ive hypotheses for the or- authors who argue for either a ( aetaeeous (< llnappe.

igin and timing of the modern bird lineages seems 1995) or a Ceno/oic (Eeduccia, I*)').,) radiation of

more persuasive? One might argue that both the the modern bird lineages.

implications of the molecular evidence and the ex-

pectations for the fossil record (it always gets better. Mammals.

with revelations of older fossils) provide

groups. It is, however, difficult to lean to this eon- Cretaceous-early Tertiary. While the fossil reeor

elusion; due,,en,e .late- based on assumptions of for mammals during this interval is inconsistent,

clock-like rates in genes have been the subject of is mU(,h enriched and much studied compared t

much skepticism that reflects observations of vary- data <>" other vertebrate groups. Mammals ai

ing rales among man\ lineages. \\ ill] respect to llu

|)aleontologieal data, it is noteworthy that the mark-

edly improved record for Meso/.oic birds includes "'alia., distribution are not so easily ascribed to

extremely well-preserved fossils of avian stem taxa,
mas, ' s ,hlt ' U) a " impoverished record, as they might

but no comparable evidence for modern groups. be for birds, amphibians, or other groups. Moreover,

Many of these stem taxa are small delicate tonus. mammals themselves show a dramatic- evolutionary

MO I. ss
. . 1 li 111,' I. I ilam i: e '1 I --- II |. '.'-'I'. ' 111

than are various neornithines. Eiirlhermore. pli\ lo-

getielie auaUsis ili.it might predict an earlier oc-

currence of some Cenozoie bird lineages based on lessors 10 me non-avian uinosaurs as me uommaiu

the known fossil range of their nearest sister taxa terrestrial megafauna in the evolving Cenozoie eco-

(Norell, |90L>: No,ell\\ Novao-k. 1«»<)2, cannot be systems.

readily applied here. This is because all the well- Stem mammal groups first appear in the fossil

represented Mesozoic forms are basal to the more ,wonl 210 million y ears a 8°< durin g the ^ Tri "

modern lineages, and the relationships among the assi( ' v*'*' review in Rougier & Novacek, 1998).

extant clades are very poorly resolved. The only Diversification during the Jurassic involved several

Cretaceous neornithine forms, as noted above, are maJor lineages primarily represented by fragmen-

fragmentary, and their affinities with particular tary teeth and jaws in isolated localities in Europe,

nbers of the modern bud orders are not readily we* i North America. South Mma. and Asia.

identifiable. Thus, although it may be tempting to
the Early Cretaceous, several basal clades are rep-

extend the divergence of more modem lineages well resented (Stucky & McKenna, 1993; McKenna &
into the Cretaceous, this is not clearly indicated by Bell, 1997): triconodonts, symmetrodonts, clado-

the fossil record. What is known of that record and theres (amphithe.iids, dryolestids, and other

the higher-level phylogenetic relationships of birds groups), and herbivorous multittiberculates, as well

of modern bird lineages largely occurred after the tids). The extant monotremes (duck-billed platypus

K/T extinction event. and echidna) are doubtless very primitive mammals

Given the above-noted uncertainties in the early tll;1 t shared an early history with the many Mesozoic

fossil record of birds, one might expect that finer- groups. The Cretaceous occurrence of monotremes,

scale patterns across the K/T boundary are even however, was not revealed by fossils from Australia

more elusive. Studies of vertebrates in the Creta- until recent years (Archer et al., 1985). Early Cre-

ceous Hell Creek-I'aleoocue Tullo.k sequence in- taceous faunas also include the first allies of the

eluded only 30 specimens representing only four more modern Thei la. the group comprising living

bird species (Bryant, 1989). The scanty sample pre- marsupials and placental* (Kielan-Jaworowska &
eluded any kind of rang.' analysis compatible lo Dash/eveg. |'>K'> : < ilelh. l

(
>

(

».'-ibi. The most intrigu-

those described for most other lei r.si i ml vetl-brate ing. and controversial, record for an Early Creta-

groups in the local section (Archibald *!< Bryant, ceous therian is claimed for Australia, where a jaw

1990). Little with respect to bird distribution during with check teeth described as Ausktribosphenos is

the Late Cretaceous-. arl\ l\ileocene interval can identified as a basal placental mammal (Rich et al..

be venture<l except for the observation that the best 1
( )<)7). However, this allocation is widely ques-

representeil group of (aeiaccous buds, the enan- tinned, as \usl,!i ilmsphcnns seems more likely an

tiornithines, do not survive the end of the Creta- archaic mammal with some similarities to the cheek
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r & Novacek, 1998).

(acta.

appeaiance of itl< h c advanced llieriaiis and the di-

versili. ation ol more basal (onus such as the mul-

tituberculates. \llh.nigh most oi the literature of

Late Cretaceous niaiiimals is c oik <nlial.il on the

less ( . .r 1

1

1 »1 1 l

<

• jaws and teelh representing many

taxa from North American sequences (Clemens.

1966, 1973; Clemens & Kielan-Jaworowska, 1979;

Lillegraven, I960; Lillegraven & McKenna, 1986;

Fox, 1984; Cifelli, 1990, 1993a; Archibald, 1996a),

that record lias been -.teal

I

v enhanced by a dra-

matic array ol complete skeleton-, and skulls rep

resenting Late ( aelaeeous llieriaiis and r r 1 1 1 1 1 i < i . : >• i

culates from Mongolia (Gregory & Simpson. I92(>;

Kielan-Jaworowska. 1074, 1992; Novacek et al,

1994, 1997; Dashzeveg et al., 1995; Rougier et al.,

1996, 1997; Rougier & Novacek, 1998). Later Cre-

inelllde a diversity of /,lie|e-i i< L. -n nun I- klinwi

onl\ I mmlalliet I. road molars that suggest herbiv-

orous habits ami possible phv logenetic affinities

with the extant ungulate plaeentals (Archibald.

1996b). Late Cretaceous mammal assemblages

from South \metica are highb endemic, as indi-

cated by Gnnth (I nl.

1990) and other nontherian taxa. Goi.dwa.ialheics

ha\e teeeiilb been discovered 111 the Cretaceous of

Madagascar (Krause et al., 1997).

Mammalian diversity during the Mesozoic re-

flects a variety of ecological roles. These include

msecluomii- and < at niv omus lorms (e.g.. svmmc-

Irodonls. deltatheridians, and asiorvotitheres) as

well as the herbivorous iiuiltiliibereulales. The lat-

ter show an int. •
i j h ill. l<> il.. p , nl I u

del Ibuleniia in having dentitions suilcd lot Iruil

and seed eating. Multituberculates lack any affinity

v\ i 1 1 i rodents; they also appear some 100 million

years before the fusl occurrence of mdenl- (Nova

cek, 1997). Nonetheless, because of then special-

ized dentition- and -kulls. multituberculates arc

commonly labeled as the ecological equivalent to

the rodents. Mulliluberculalcs also compare with

extant rodent- in their relative diversity and abun-

dance in fossil assemblages. A very rich Late Cre-

laeeous as-einbl.tg. In m \|.i:iv Ji i .
I

la-l /<-\-y .'

al., 1995) has yielded mon- than MOOskulls of fossil

mammals, of which at least 80% represent several

species of multituberculates. This dominance of

small herbivorous lorms resembles the high pro-

portion ol mdeiil species ill mam e\tanl hab la's

that -upporl small mammals (Dashzeveg et al.,

1995). The basic trophic organization of Cretaceous

s thus foreshadowed ro-

Cretact

much fewer species and the transition involved dra-

i. i » i lil ii i culates) or even

I

1

..
j ii ,, (/alai I ml lh. nans). Despite llns he)

erogeneitv in form and inferred habit. Mesozon

mammals are rather stereotypic for at least one

j
lalilv male ol them were very large. In fact, the

average estimated body mas- |,,i 29 species of Late

Cretaceous mammals is 150 g, in contrast to the

average mass of 1.01 kg lot 33 mammal species

(27 of them new I occurring only one million veai-

after the K/T event (Alroy, 1998). This extraordi-

nary size increase for mammalian lineages in the

Cenozoic has of course been associated with the

opportunities that emerged in terrestrial ecosystems

m the absence of competition from other large spe

cies, such as dinosaurs.

Subsequent to the K/T event, mammals in-

creased not only in terms of body mass but also m
diversity. In western North America, mammalian

diversity rose from 20 to 45 genera within 230.000

years of the K/T event, and reached 70 genera 2

million years into the Paleocene (Archibald. lOM.ii.

The fossd record pmy ides ail incontrovertible pa-

ly Tertiary

largely a phe-

that post-dates th

extend back to the bate (aelaeeous or even earlier

limes".'' In ihe local Cretaceous Nell Cieek Paleo

survival across the K/T boundary is heterogeneous

(Archibald & Bryant, 1990; Archibald, 1996a).

Only 9% of the marsupial species survive the K/T

event, whereas 509! oi the multituberculates and

100% of eutherians (the group that includes the

iiv ing plac tilal o:d. is) m uagc («• mak. il lli'o.igh

lh< boundary. This suggests a nascent developmenl

of the radiation of at least eutherians back as far

as the Late Cretaceous. Other estimates point to

even more dramatic < aelaeeous diversification of

the modemgroups. Similar gene studies as applied

lo
: -nggest a window of divergence of '>0 100

million years for the major (lades (orders) of mar-

supials and plaeentals (Hedges et al., 1996; Kumar
vK Hedges. |O0,3). \nalvses sensitive In phv loge

nelic relationships and the

suggest a Cretaceous i

forms representing t

>t ttie major c lades

ill, 1992). Comple-

the fossils them-
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on the other are known from Early Cretaceous as-

semblages (Kielan-Jaworowska & Dashzeveg, 1989;

Cifelli, 1993b). Finally, if ungulate affinities of the

later Cretaceous zhelestids are accepted, there is

even « \ idence for a subclade of placentals that pre-

dates the Cenozoic.

This combination of evidence and assertion fails,

however, to firmly establish the greater antiquity of

the radiation of the extant therian clades. As in the

case of birds, the Mesozoic therians are virtually

all stem taxa: they are related to but outside of the

< --.-I nips representing extant niarsii aa

placentals (Fig. 7). In fact, Cretaceous Mongolian

forms like Kennalestes, Asioryctes, and Zalamb-

dalestes, taxa long thought to be intimatel) asso

ciated with placental insectivorans, are now

known to preserve features that suggest their basal

position relative to all placentals and their last

commonancestor (Novacek et al., 1997). Likewise,

m I i. resented net itherians from the Cretaceous

of Mongolia are excluded from the group that in-

i

i ,, • i.nit marsupials and their commoi

tor (Rougier et al., 1998). As for the Late Creta-

evidence provided by c nd isolated teeth

placental or marsupial clade. There is nothing

known about the dental anatomy of these forms that

would allow one to claim they were members of

either of the two therian crown-groups, even though

certain species of these Cretaceous lineages sur-

vived the K/T event. The major contradiction her

is the Cretaceous Zhelestidae (Archibald, 1996b),

but again the limited evidence of dentitions pre

vents their confident assignment or even close al-

liance with some placental ungulate clade. Given

ill. Irai latically enriched sampling of Cretaceous

mammalian faunas (there is no Paleocene mammal
assemblage better represented by diverse and

abundant skulls and skeletons than the Upper Cre-

i i ssemblage from Ukhaa Tolgod in Mongo-

lia; see Dashzeveg et al., 1995; Novacek, 1996), it

is surprising that bona fide lineages of p
i

and marsupials have not yet been discovered. In-

deed, here it is more difficult to argue, as in the

case of innls. ihat the Cr< facee-iis record is smipK

too impoverished to turn up these forms. The avail-

able evidence suggests that <lu< rsification of the

therian clade is rooted in the Cretaceous, !> il does

not refute the more traditional view that the intens<

pulse of radiation of the more modern placental and

marsupial subclades took place in the early Tertia-

m\ premolars, suggesting dhcrsmc, lion

ets for fruits, seeds, and small

prey. More robust forms were squat, lie.i l< . . I

creatures such as pantodonts with generalized den

titions suitable for mashing vegetation, but virtually

none of these Paleocene mammals were specialized

browsers (Stucky, 1990). The Paleocene/Eocene

transition shows significant turnover involving the

replacement of archaic groups by more modern

forms (Rose, 1981, 1984; Stucky, 1990). The more

modern herbivores (those with extant men ers) I rsl

occur at the Paleocene/Eocene boundary, including

rodents at the end of the Paleocene. Major biotic

interchange in the Northern Hemisphere during the

early Eocene resulted in marked homogenization of

the mammalian faunas (McKenna, 1983; Flynn,

1986). The dominant modern ungulates, the even-

toed artiodactyls (camels, hippos, antelope, bo-

vines, and others) and the odd-toed perissodai tyla

(horses, rhinos, tapirs, and some extinct lineages),

appeared in the Northern Hemisphere at the begin-

ning of the Eocene. Diversification of these forms

in the early Eocene also involved a trend to largei

body size (Rose, 1984; Stucky, 1990).

The highest alpha-level diversity in mammals

was reached in the late Paleocene and early' middle

Eocene. Thereafter, a decrease in diversity and

men <Im i tain keystone species abides.

! ics >eems char-

acteristic of more open habitats, which expanded

during the cooling phase in the later Eocene-early

Oligocene interval (Stucky, 1990). The late Eocene

plants of 1 s (Wing, 1987) was accom-

panied by evolution in plant-eating man I lin<

ages of larger body size, increased lophod >m n

phasis of cursorial features, and a decline in

arboreal forms (Webb, 1977; Stucky, 1990; Wing &
Sues, 1992). This coincidence in fauna and floral

;gests coevolution and perhaps a reprise

of the dinosaur-angiosperm interdependence in the

Cretaceous. More open vegetation caused by in-

creased seasonality certainly favored diversification

of large, wide-ranging grazers and browsers. These

animals likely reciprocated in maintaining vegeta-

tion at levels that favored the diversification and

increased abundance of weedy plants, particularly

herbaceous angiosperms (Wing & Tiffney, 1987).

The foregoing summaries of the vertebrate re-

cord, as well as the brief synopsis of related geo-

graphic, climatic, floral, and non-vertebrate faunal

trends, provide a matrix for a few genera i n-
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rning the cru

. Clearly this

Iv Tertian 111-

among the best sam-

pled within tin- I'hanerozoio for terrest

terns, with a picture that is rapidlv

Nonetheless, several persistent issues, such as

those relating to the source and specific impact o

Cretaceous exlmrlii i . !:ie .1 ~p«tM!\ between I'ossi

gill <>f snine ke\ ii leu urmips. and the relation-

ship between local events and global-scale pattern.'

have not been cmiipletelv resoKed by the recen

i I lossil data. Below are a few of th<

principal issues that relate to the evidence re

\ if wed herein

[Tien

M OsSs||\l

ems little doubt that the Early Creta-

he crucial tune of origin lor a terrestrial

hat forecast the environments persisting

today. The primary representatives of this dramatic

shift arc the aiigiosperms and the insects lespe

cialK the
|

*« »1 1 1 1 1 __ I. .in.-. |). -pili -nine argu-

ment for a lag between these components, their

broad coincidence in appearance and diversifica-

tion seems well established (< mimaldi, 1999), a log-

ical reflection of the ecological interdependence of

these components. The question remains as to

whether am of tl < hint nni| Ii '

rated by plants and non-vertebrate groups. \s sum-

marized above, mo-l vertebrate groups for which an

adequate fossil record is available show moderate

or marked turnover between the Late Jurassic and

Early Cretaceous. Nonetheless, it is difficult to ar-

gue thai these changes were very different in scope

and mat mimic in>m the i'n qiienl c\cles of turnover

throughout the Me-,,./.oie and were directlv related

to the emergence of an angiosperm-doniinaled llora.

The most notable proposal for a cocv olutionai v re-

lationship concerns the con ,- 1 , i i

iliv.-i-ilii alien and the repla

ing herbivores (e.g.. saumpods) bv lower-browsing

forms inotablv ematopsians and hadiosaurs) m the

Cretaceous (Weishampel & Norman, 1989). The ar-

gument depends on the logical inference that low-

browsing forms had an impact on vegetation that

ip.-ned oppoi: ii ill. s '
ii weedv and wi ndv i >l ge

Iv [i In d \>\ .mi ii.s(ieims. Th. pi iblem with tin- cor-

relation is its uncertain scope. Although the shift

m dinosaur taunal composition is clearly seen in

Noilh \men< a, this is not soclearlv demoiisl laled

elsewhere. Iii fact, certain regions, such as central

Asia, show a persistence of sauropods combined

.1 a. ili lm rsifical

tl gl t tl later Cretaceous (Gradzfnski et al,

f977; Novacek, 1996). It is then uncertain whether

tin li. en >I Id de can be inti-

malcK assoeiali <! w d mi ..sa n iransil mis reeog

i ic i. ti P ii i
I- .Idem of < nurse

is the lack of an adequate record and sac
|

i;it • I

-> a I many of the

kev Cretaceous localities. In. reased emphasis on

lud\ at well-known vertebrate

sites would be a contribution here.

Another event that may have coincided with the

Early Cretaceous angiosperm radiation was the di-

versification of several groups of vertebrates, name

birds. In this way, the modern ecosystem that

emerged and endured the K/T extinction event

would have comprised several vertebrate groups as

well as flora and non-vertebrate fauna. The appeal

of this scenario also stems from the alleged cum

cidenee between the diversification of modern

gioups ,. ilh extant representatives) and the pal

ieri - ;

biog. ogiaph i- ilalimi and coulmeiilal

• ..ii dial so chara. leri/ed the Crctac<-ous

(Hedges et al., 1996). The fossil record, however,

fails to offer compelling evidence that indicates an

KmIv lo m ::.! e I a. lai < i i.s laiiiatioi loi ihi-se un d

ern groups. Although some advanced lizard groups

are known from the I'.ativ Cretaceous, the majoritv

ii die lamilies are not recorded until the Laic Cte

laceous. The Me ,
i

I n h , .« I. it gm ips i i

bud- and mammals is even sketchier. Virtually all

the better represented ta\a (those preserved as

-kulls ami ski Id i
-; i| ,-nl ,-: gimip arc --Icm lm

eages that lie outside their respective crown-

groups. The putative Cretaceous candidates for

I in I I. in lm. agi ol birds an-

liimled ami repri nlcd i j iciilarv evidence

(see Padian & Chiappe, 1998b, and comments

above). It cannot be distinguished whether maiiv of

these forms are actually members within the line

ages or are sister taxa to the gr

r of the extant forms. Mo
lack of higher-level resolution among ll

bird <lades compromises more precise re

tile atlitl tics :-i (III. -i I temrcolls i,,,|,|s

mals. except the evidence I'm modern |)lacentals

and marsupials is perhaps even less certain, being

represent I II i
, I, d Mei iv dentitions from

the Late Cretaceous of North America and west

central Asia. Extending groups farther back based

on the geometry of their phylogenetic relationships

(Norell, 1992; Norell & Novacek, 1992) does not

ely alte:
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above, Cretaceous taxa formerly thought to belong

to the crown-group placentals are now recognized

as stem-group taxa (Novacek et al., 1997). Thus, a

diserepam \ persists between the fossil evidence al

hand and an attractive theory for an Early or middle

Cretaceous radiation of several modern vertebrate

groups. At present, it is realistic to recognize that

vertebrates do not show patterns of distribution, rel-

ative abundance, and diversity that can be readily

i with the rise of the modern flora in the

the angiospermthe proposed correla

which can only be invoked in some Hymnal i ni

formation (e.g., see Smith & Jeffrey, 1998). becrni

compilations (Archibald & Bryant, 1990; Archi-

bald, 1996a) show that just five groups

and their relatives, marsupials, lizards, and non-

avian dinosaurs —suffered complete or more than

75% species extinction in the local section repre-

s, Tiled !)> ilie ippemiosl ( niarcous Hell Creek

Formation and the lowermost Paleocene Tullock

I \1 species survival

el aeli;ici|.fi v\n ,-,'.\- ra\ litn e,l iis.-ie-i. ir.a liliihei

culate mammals, eutherian mammals, turtles,

champsosaurs, and crocodiles across the K/T

boundary ranges between 50 and 100%. Despite

the strong evidence for extraterrestrial impact co-

incident with the K/T extinction event, these het-

erogeneous extinction patterns still elud. ah '. •

lor\ explanation <-.<-. \ rehibali I. lWOaf.

Whei ! Ih« lei

It is now confirmed that a major asteroid im-

pact —as indicated by a marked spike in iridium

as well as evidence of major crustal disruptio?! in

the Caribbean region— occurred 65 million years

ago, at the time of the end of the Cretaceous ex-

tinction event. Moreover, it is uideh believed thai

the impact of the bolide, drastic devastation of

some of the fauna and flora, and subsequent ap-

pearance of suecessional vegi ilioi wen isalK

thee of the

merica (Wing & Sues, 1992). Wemust

less recognize the geographic limitations of

ence for terrestrial vertebrate faunal change

,<T boundary. \s noted above, the only de-

latest Cretaceous-earliest Tertiary interval

are highly i

fidently

survive the K/T «

brief i

this regard, it is noteworthy that the taxonomic

composition oi redan ilonis oat-ade North \nieriea

are not drastically Iransionned horn hie I al< ( ',r<-

taceous to the Paleocene (Saito et al., 1986; Raine,

broader interval, of course, liie absence of dino-

saurs in Paleocene faunas worldwide is readily de-

Despite llie magnitude oi the Cretaceous Tertiary

(k/Tl extinction event and it-> oh\ioii- impacts on

across the K/T boundary is strikingly selective. In-

deed it is the marine and not the terrestrial leiord

that shows a comprehensive level of biotic trans-

lation uiih|iic i. -. rliot.s ei \orlli \meri. a. \\< 'an

still recognize a striking mosaic of extinction and

survival for higher-vertebrate taxa. The above sum-

mary and update of relevant records, clearly show

that as many as 13 modern lizard familie- app< ai

ing in the Cretaceous survived across the K/T

boundary. Other such enduring taxa include acin-

penserids (sturgeons), polyo (p lefisl

lepisosteids (garsi, annuls (bow CmsI. rieoeeratodon

(ids, lalimci i.ls. lepidosiremds. discoglossici froj;s.

mam turtle lin. aia-~ (I !l ekdi dae. I'elomedusiidae.

Trionyeliidae, Cheloniidae, and Caretloetielvdac

first occur in the Cretaceous but several surviving

groups date back earlier), cl l

-

rids and crocodylids, multituberculate mammals,

and selected therian mammal groups.

This impressive list of survivors of course has

one exception. Dinosaurs, including a number of

Cretaceous bird lineages (Padian & Chiappe,

1998b), remain the higher-level terrestrial verte-

brate taxon most affected by K/T extinction. The-

lis distinction are many and varied (see

Archibald, 1996a). The large si I n r di i u I

taxa dec- not o\p!; in lli< u [Kirheaha \ ulnerabi'i'v.

as the K/T boundary marks the termination of many

of the smaller and , weW

as their robust n j r.
. •-. Conversely, turtles, croc-

odilians, and other sur /ivors include some very

large taxa. Perhaps the t rau.nahe climatic/environ-

mental shifts that marked the end of the Creta-

ceous, and had a direct and detrimental I f< on

vegetation, also 1 " ere impacts on lar<;c hei

bivorous tetrapods. In ti trn, the devastation of the

herbivorous megafauna mi ! Ii i had reverb<-ra-

tions that affected all dii iu,- mrs. me iinlri'' -m illci

predaceous forms. On the other hand, periods of

climatic deterioration m,ay not necessarily lead lo



• Oi il.,

ch a cascade of events; vegetation changes might

i favor large herbivores, depending on the na-

eeding flora (Wing & Sues, 1992).

anges caused by a single

event, such as a bolide impact, would have to be

sudden and intense in order to have such -weeping

effects over a range of taxa and trophic levels. Still,

the logical argument that such events were cata-

strophic and sudden sits oddly with a fossil record

thai shows the persistence of so many terrestrial

-roups across the K/T boundary.

popular here to suggest that the empty i<; i [
•,

zones at the begu unit i ih> 1'
i < il u . d

such opportunities (Van Valen, 1978; Erwin et al.,

1987). The emergence of many mammaiiai

ages with dentitions specialized for granivory and

frugivory presumably opened up a great range of

food sources and in turn provided a relatively new

means of vertebrate -media ed dispersal of seeds

and fruits so critical today in tropical rainforests

(Tiffney, 1986). Still it is important to emphasize

that «lii • i-ir, ruin ! i i ill. I' li. nccrie these explosive

>t of the large t<

marked the Cretaceous-Tertiary

quality that does suggest reorganiz

system. Dinosaurs represented mos

restrial vertebrates during the Me:

ance left a vacuum of size and trophic

types (hat wa- riot ! lie i
!«.• a icu arkahlv long lime

Despite the rapid diversification of mammal taxa

(Archibald, 1983) and the extraordinary increase in

the size of many lineages (Alroy, 1998) during the

Paleocene, mammals did not match the ecological

range or the average body size of a herbivorous

inegalaiina represented by the dinosaurs. For ex-

ample, it has been noted that from the beginning

of the I 'a I eocene until the mid Cenozoic there were

no high-browsing herbivores. Such forms, above 2

ni in height, diil to -I iptxM! |.. I »re ihe I )l go, , nc.

leavirrg a troplui ga| ot miidi !() million years (see

also comments in Wing & Sues, 1992). The influ-

ence of large browsing herbivores is evident in

terms of then less discii initial i ij. i H >
! i if>

and greater potential alteration of the habitat (Pe-

ters, 1983; Crawley, 1983). Such a trophic impact

could easily favor thorns, compensatory growth, and

hemic lis lo! .Id. use ;,l ilic assaulted . cgelation.

The eoevollltl ,i I | i
|

elue. n th< flora

and the herbivorous megafauna may have set in

motion conditions that stimulated the spread of

grasslands and savannas in ways that augmented

the effects of climate change in the Oligocene and

later. This pattern of interdependence and ecosys-

lem modilii aiion echoes that proposed for the ra-

d lin i
-. »

! liiows i g aci'l»i\oro t.~ imo>a its and n

giosperm-dominated flora in the Cretaceous.

?bb & Opdyke, 1995) have also

:ed the close relationship between

disruption, and rapid

lenozoic mammal fauna.

s question of opportunity

ixa and their adaptations

\ ni in is ;> g

potential adaptive opportunities for these creatures

in Mesozoic terrestrial ecosystems. The easiest

adaptive opportunity to characterize, namely, that

for large, browsing herbivoi -s, remained vacant for

lions of years af-

cant for the largest body sizes. If these adaptive

lilable, why were then occupants so long
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